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Mesenchymal-Epithelial Transition
during Somitic Segmentation Is Regulated
by Differential Roles of Cdc42 and Rac1
and interactions with their neighboring cells. In particu-
lar, the transition between two different cell states, epi-
thelial and mesenchymal, is pivotal in most, if not all,
organogenetic processes. For instance, epithelial-mes-
enchymal transitions (EMTs) are seen during the emer-
Yukiko Nakaya,1,2 Shinya Kuroda,3
Yuji T. Katagiri,1 Kozo Kaibuchi,4
and Yoshiko Takahashi1,2,*
1Center for Developmental Biology
RIKEN
2-2-3 Minatojima-Minami gence of neural crest cells from the epithelial ectoderm
and during mesodermal ingression in amniotes, andChuo-ku
Kobe, Hyogo 650-0047 mesenchymal-epithelial transitions (METs) take place
during somitogenesis, kidney development, and coe-Japan
2 Graduate School of Biological Sciences lomic cavity formation (Christ and Ordahl, 1995; Funa-
yama et al., 1999; Locascio and Nieto, 2001; Nieto, 2002;Nara Institute of Science and Technology
8916-5 Takayama and references therein). The importance of EMT/MET is
also profoundly relevant to metastasis occurring duringIkoma, Nara 630-0192
Japan cancer progression (Lozano et al., 2003; Price and Col-
lard, 2001). Although a large body of knowledge exists3 Undergraduate Program for Bioinformatics
and Systems Biology for the mechanisms by which extracellular signals are
transduced into the nucleus to trigger cell differentiation,Graduate School of Information Science
and Technology little is known about how these signals are resolved
University of Tokyo into morphological events, such as EMT/METs, in an
7-3-1 Hongo organogenetic context (Gilbert and Tuan, 2001; Shook
Bunkyo-ku, Tokyo 113-0033 and Keller, 2003). One reason for this gap in our knowl-
Japan edge is that there have been few assay systems avail-
4 Department of Cell Pharmacology able with which this problem can be directly addressed
Nagoya University in a developing tissue or organ (Bissell et al., 2003;
Graduate School of Medicine Schmeichel and Bissell, 2003).
65 Tsurumai Somitogenesis in vertebrates, used as a model system
Showa, Nagoya 466-8550 in this study, produces the somites, the precursor cells
Japan of axial bones, and all the skeletal muscles in the trunk
(Christ and Ordahl, 1995; Pourquie, 2001; Takahashi,
2004). The presomitic mesoderm (PSM), a pair of strips
Summary composed of mesenchymal cells, is positioned laterally
on both sides of the midline, along the anterior-posterior
Mesenchymal-epithelial transitions (MET) are crucial (A-P) axis. When morphological segmentation takes
for vertebrate organogenesis. The roles of Rho family place, a somite pinches off from the anterior end of
GTPases in such processes during actual develop- PSM and becomes a separate structure. This process
ment remain largely unknown. By electroporating reiterates periodically and regularly in time and space
genes into chick presomitic mesenchymal cells, we in an A-P order, generating ultimately an array of seg-
demonstrate that Cdc42 and Rac1 play important and mented somites along the A-P axis. The morphological
different roles in the MET that generates the vertebrate segmentation is concomitant with dynamic METs (Du-
somites. Presomitic mesenchymal cells, which nor- band et al., 1987), resulting in each somite’s having a
mally contribute to both the epithelial and mesenchy- spherical structure wherein an internal mesenchyme is
mal populations of the somite, were hyperepithelia- encapsulated by an epithelium (Figure 1A). In chickens,
lized when Cdc42 signaling was blocked. Conversely, the epithelialization of the anterior margin of a somite is
cells taking up genes that elevate Cdc42 levels re- preceded by that of the posterior side, and the epithelial
mained mesenchymal. Thus, Cdc42 activity levels ap- alignment of a forming somite looks like a horseshoe
pear critical for the binary decision that defines the (Figure 1A) (Duband et al., 1987). We reasoned that the
epithelial and mesenchymal somitic compartments. MET accompanying somite segmentation serves as an
Proper levels of Rac1 are necessary for somitic epithe- important and useful model to investigate the mecha-
lialization, since cells with activated or inhibited Rac1 nisms of cell polarity changes in three-dimensional ar-
failed to undergo correct epithelialization. Further- chitecture because it has the following advantages: (1)
more, Rac1 appears to be required for Paraxis to act a forming somite consists of two simple cell types, mes-
as an epithelialization-promoting transcription factor enchyme and epithelium, derived from the same precur-
during somitogenesis. sor cells; (2) the MET process reiterates regularly and
periodically in time and space; (3) there is no gross
Introduction increase in cell proliferation or cell death (Primmett et
al., 1989; Stern et al., 1988), facilitating evaluation of
During early embryogenesis and organogenesis, cells effects by experimental manipulation on MET; and (4)
undergo dynamic changes in their position, morphology, cell polarity changes occur almost concomitantly with
the extracellular signaling that we previously found to
induce a segmentation fissure (Sato et al., 2002), thus*Correspondence: yotayota@cdb.riken.jp
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Figure 1. Roles of Cdc42 in the Binary Decision between Mesenchymal and Epithelial Cell States during Somitogenesis
Histological sections, except (F) and (G), are of sagittal views with anterior to the left and dorsal at the top.
(A) A diagram showing changes in cell shape from mesenchymal (purple) to epithelial (yellow) cells when a somite forms from the presomitic
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enabling us to link signaling events to cellular morpho- Results
genesis.
A large number of reports, mostly in vitro studies using Electroporated GFP Signals Were Distributed
Randomly in the Epithelial and Mesenchymalcell lines, have shown that the Rho family small
GTPases—Rac, Cdc42, and Rho—play a crucial role in Components during Somitogenesis
In ovo electroporation with GFP cDNA was performedcytoskeletal dynamics, and that these proteins mediate
the forces for changes in cell polarity, motility, and the at Hamburger and Hamilton stage 7–8 (Hamburger and
Hamilton, 1951) essentially in the same way as pre-stabilization of cellular structure (Etienne-Manneville
and Hall, 2002; Fukata et al., 2003; Ridley et al., 2003; viously described (Sato et al., 2002). The anterior primi-
tive streak that gives rise to the paraxial mesoderm wasSettleman, 2001; Van Aelst and Symons, 2002; and refer-
ences therein). In particular, in vitro analyses have sug- targeted. After 24 hr, electroporated cells, visualized by
the GFP signal, were found in the paraxial mesodermgested that Rac and Cdc42 are important to maintain/
stabilize the epithelial structure by regulating cadherin- in several of the latest-forming somites, and no morpho-
logical defects were seen as a result of this treatmentmediated cell-cell adhesion (Braga, 2002; Fukata and
Kaibuchi, 2001; Schock and Perrimon, 2002; and refer- (Figure 1B). Signals were occasionally observed in the
neural tube as well. Importantly, GFP-receiving cellsences therein). However, the roles of these Rho GTPases
in cellular events occurring during actual development were distributed randomly in the epithelial and mesen-
chymal components of a formed somite (Figure 1B). Inare generally unknown, and we have very little informa-
tion concerning how the EMT and MET might be regu- the following studies, embryos that were success-
fully electroporated, with 30%–60% of positive cells inlated by Rac and Cdc42 during organogenesis. The im-
portance of in vivo analysis of cell behaviors is further the newly formed somites, were subjected to further
analyses.stressed by studies showing that the influences that
cells receive from a three-dimensional environment are
considerably different from those received in a two-
dimensional context (O’Brien et al., 2001; Schmeichel Effects of Electroporation of Cdc42 Mutants
during Somitogenesisand Bissell, 2003).
In this report, we studied the roles of Rac1 and Cdc42 When HA-tagged wild-type Cdc42 cDNA was electro-
porated into the cells destined to become the presomiticin the MET during somitogenesis in chick embryos. Hav-
ing shown that we can regulate somitogenesis by in ovo mesoderm, the DNA-receiving cells were localized both
in the epithelial and mesenchymal components (FigureDNA electroporation (Sato et al., 2002), we now use this
technique to regulate the activity of these GTPases in 1C). In contrast, when constitutively active Cdc42-HA
was electroporated (along with the GFP cDNA), most ofthe presomitic mesenchyme and detect if these treated
cells preferentially constituted the mesenchymal or epi- the DNA-receiving cells were confined to the mesenchy-
mal component of a somite (Figure 1D). As previouslythelial structures of the somite. Specifically, we analyzed
the distribution of cells affected by augmented or inhib- observed (Sato et al., 2002), most of GFP-positive cells
were also positive for anti-HA staining (Figures 1C andited activities of Rac1 and Cdc42. We present several
lines of evidence that Rac1 and Cdc42 play important 1D), confirming that products of coelectroporated DNAs
are frequently colocalized in the same cell.and different roles in the MET during somitogenesis.
Notably, different levels of Cdc42 appear to determine We next attempted to inhibit Cdc42 functioning during
somitogenesis by exploiting N-WASP, known to be anthe binary decision between epithelial and mesenchy-
mal states. A correct level of Rac1 activity is also neces- effector acting downstream of Cdc42 but not of Rac
signaling (Miki et al., 1998; Takenawa and Miki, 2001).sary for proper epithelialization. In addition, we demon-
strate a functional interaction between Rac1 and Paraxis, N-WASP has a Cdc42 binding region (CRIB domain) that
mediates the Cdc42 signal toward actin polymeriza-a transcriptional factor known to be essential for somitic
epithelialization (Burgess et al., 1996). We discuss the tion. An excess amount of CRIB domain of N-WASP
(N-WASP-CRIB; Figure 1E) was known to inhibit Cdc42fundamental relationship of these GTPases to the phe-
nomena of EMT and MET, which seem to be precisely signaling in cultured cells (Honda et al., 2003; Ono et
al., 2000), and we also confirmed this. Coexpressionregulated spatially and temporally during ontogenesis.
mesenchyme. A formed somite is lined by epithelial cells, with mesenchymal cells remaining inside. In chickens, the epithelialization at the
anterior edge of the somite takes place after that of the posterior edge. Changes in cell polarity upon segmentation are revealed by phalloidin
staining that visualizes F-actin accumulation.
(B) GFP controls. After 24 hr of in ovo electroporation, GFP-positive cells were distributed in the PSM and in several recently formed somites.
Sagittal views show that GFP-positive cells were randomly distributed in both the epithelial and mesenchymal components of somites.
(C and D) Electroporation with wild-type Cdc42 cDNA (C). Cells were found both in the epithelial and mesenchymal components. (D) Electropora-
tion with constitutively active Cdc42. Cells were confined to the mesenchymal area of newly formed somites. Encoded product of exogenous
DNA was detected by HA-tag staining (blue). (C) and (D) also show that expression patterns of coelectroporated DNAs are highly overlapped
in the same cells.
(E) A diagram showing the constructs used to inhibit the Cdc42-derived signaling.
(F) Electroporation with the CRIB domain of N-WASP cDNA. DNA-receiving cells preferentially resided in the epithelial area. Horizontal views
with anterior to the left and medial at the top.
(G) Electroporation with N-WASP-CRIB-H208D did not cause overepithelialization.
(H) Ingressing mesodermal cells were not affected by N-WASP-CRIB, showing normal mesenchymalization from the epiblast epithelium.
Transverse views with dorsal at the top.
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Figure 2. Electroporation with Rac1 Mutant Constructs
Histological sections are sagittal views with anterior to the left and dorsal to the top.
(A and B) Electroporation with dominant-negative Rac1 cDNA (A). Labeled cells were localized at the center of somites. (B) Electroporation
with constitutively active Rac1 cDNA. DNA-receiving cells were predominantly found in the middle region along the D-V axis. In (A) and (B),
electroporated cells were detected both by GFP and HA-tag staining.
(C) A ratio between the numbers of epithelial and mesenchymal cells that received exogenous DNAs was compared. The number of epithelial
cells was divided by the total number of electroporated cells in a given newly formed somite (E/E  M). This value (EM index) was compared
with that of GFP control, which was set as zero. “E,” the number of epithelial cells electroporated. “M,” the number of mesenchymal cells
electroporated. *p  0.0001 against GFP. p values were analyzed by Student’s t test. Fifteen somites for each DNA construct over more than
three different embryos were analyzed.
with constitutively active Cdc42-HA and N-WASP-CRIB- to a random distribution of electroporated cells in a way
similar to GFP control (Figure 1G). This also supportsmyc resulted in the random distribution of the DNA-
receiving cells in the epithelial and mesenchymal com- the notion that the overepithelialization by N-WASP-
CRIB-myc was caused by the inhibition of the predictedponents of the somites, indicating a neutralization of
the phenotype elicited by constitutively active Cdc42 Cdc42 signaling in the developing somitic cells.
In our experimental design, DNA solutions were laid(Figure 2C [see below]). We then overexpressed only
N-WASP-CRIB-myc to inhibit any endogenous Cdc42 on top of the epiblast followed by electric pulses (see
the Experimental Procedures). At the stage during whichin developing somites. We found a dramatic effect in
which most of the electroporated cells were local- epiblastic epithelial cells were undergoing ingression as
mesenchymal cells, N-WASP-CRIB-myc-receiving cellsized in the epithelial component of the newly formed
somite (Figures 1F and 2C). Similar manipulation with exhibited mesenchymal morphology indistinguishable
from control embryos (Figure 1H), excluding the possi-N-WASP-CRIB-myc with a single amino acid replace-
ment (N-WASP-CRIB-H208D-myc, known to abolish the bility that the participation of N-WASP-CRIB-myc cells
into the somitic epithelia was due to the retention of anCdc42 binding to this region) (Miki et al., 1998) gave rise
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epiblastic epithelium. Thus, the cells incorporating the distribution is less concentrated in the mesenchymal
component (Duband et al., 1987). Thus, the staining pat-N-WASP-CRIB construct actively participated in the
somitic MET. tern of N-cadherin is almost identical to that of phalloi-
din, accumulated in the apical surface of epithelial cellsA profile of the experimentally induced distribution of
cells observed above was quantified through an epithe- (Figures 1A and 3A). ZO-1 is the most representative
marker for polarized epithelial cells, staining the apicallial-mesenchymal index (“EM index”). This index pro-
vides a ratio of the number of epithelial electroporated site (Figure 3F). Constitutively active Rac1-expressing
cells located both in the mesenchymal and epithelialcells to the total number of electroporated cells (epithe-
lial  mesenchymal) in individual somites, which can territories of a somite displayed aberrantly upregulated
but not polarized N-cadherin signals (Figures 3D andbe compared between each mutant construct and the
control experiments (Figure 2C). These observations in- 3E). In addition, these cells showed no upregulated ZO-1
(Figure 3G). These observations suggest that constitu-dicate that Cdc42 is profoundly involved in the MET
process during somitogenesis. In particular, different tively active Rac1-expressing cells, even though they
were present in the somite boundaries, were incapablelevels of Cdc42 activities appear to determine the binary
decision between the two cell states: absent (or very of behaving as normal epithelial cells. Dominant-nega-
tive Rac1-expressing and constitutively active Cdc42-low) levels of Cdc42 activity produce epithelial cells,
whereas a high level of Cdc42 is required for the mainte- expressing cells, which reside in the mesenchymal area,
showed no aberrant signals for N-cadherin and ZO-1nance of the mesenchymal state. As will be discussed
below, the phenomena we observed in this study sug- (Figures 3B, 3C, and 3H). Taken together, cells with an
incorrect level of Rac1 activity seem to be incapable ofgest that this decision also involves active cell move-
ment and the sorting of cells between the epithelial and undergoing normal epithelialization during somitogen-
esis. Interestingly, when constitutively active Rac1 cellsmesenchymal components when a somite forms.
straddled the boundary between two consecutive so-
mites, an intersomitic gap was not obvious (Figure 3E).Effects of Electroporation of Rac1
This highlights the fact that the regulation of Rac1 activ-Mutants during Somitogenesis
ity is also important for the somitic boundary formation,Constitutively active and dominant-negative forms of
probably because the correct epithelialization is re-Rac1 have widely been reported to act specifically and
quired for maintaining the boundary (Burgess et al.,efficiently on cell shape changes in vitro (Braga et al.,
1996).1997; Fukata et al., 2003; Hall, 1998). As was the case for
Moreover, when we examined individual cells by DAPICdc42, electroporation of the wild-type Rac1 construct
staining, we observed no appreciable cell death causedgave no significant effects (Figure 2C). In contrast, so-
by the overexpression of the mutant forms of eithermitic cells expressing dominant-negative Rac1 were
Rac1 or Cdc42. These observations were confirmed byconfined to the middle (mostly mesenchymal) region
TUNEL staining (Figure 3I). Thus, cellular behavior af-along the dorsal-ventral (D-V) axis (Figure 2C). In some
fected by the Rac1/Cdc42 mutant constructs is attrib-specimens, dominant-negative Rac1 cells were local-
uted primarily to the transition between mesenchymalized almost exclusively in the mesenchymal component,
and epithelial cell states.as shown in Figure 2A. In embryos electroporated with
constitutively active Rac1, the cells were also present
in the middle region along the D-V axis of forming so- Electroporated Cells Confined to the Middle
mites, and in addition, the morphology of these cells Region of a Somite Were Differently Affected
was abnormal (Figure 2B). The EM indices showed that by Constitutively Active Cdc42
most of the dominant-negative Rac1-electroporated or and Dominant-Negative Rac1
constitutively active Rac1-electroporated cells resided One of the unexpected observations that we obtained
in the mesenchymal component (Figure 2C). These ob- in this study was that cells electroporated with constitu-
servations indicate that Rac1 plays an important role in tively active Cdc42 and those with dominant-negative
the MET during somitogenesis, with a correct switching Rac1 displayed a similar pattern of distribution in form-
required between the GTP bound and GDP bound forms. ing somites for as long as the somites were observed
Alternatively, an appropriate level of the Rac1 activity in an embryo. We attempted to more carefully examine
might be required. the behavior of these cells with F-actin distribution as
a marker, because actin polymerization was anticipated
to be one of the most important targets of Rac1 andAugmented and Unpolarized Accumulation
of N-Cadherin in Rac1-Activated Cells Cdc42 signals. Since the staining signal of phalloidin
was difficult to interpret in normal mesenchymes in ovo,Although the EM indices reflected the overall extent to
which Rac1 and Cdc42 directed cells into an epithelial we performed in vitro primary culture in which electro-
porated somitic cells could stretch in a culture dishor mesenchymal state, they did not address the changes
in behavior of individual cells. For example, it was not (Figure 4A). To compare the actin organization in mesen-
chymal component-derived cells between control andclear whether Rac1-activated cells with abnormal mor-
phology residing in the area that would normally be the mutant Rac1/Cdc42-electroporated somites, we waited
about 20 hr after seeding somites into a culture dishepithelial territory were correctly polarized. We therefore
asked whether these cells displayed correct epithelial until a majority of the epithelial cells migrated out from
the clump. Control cells displayed spindle and fibroblas-features by looking at the intracellular localization of
N-cadherin and ZO-1. It has been known that N-cadherin tic morphology with extending stress fibers, spikes that
resembled filopodia, and membrane ruffling (Figures 4Bbecomes specifically restricted to the adherens junction
of the epithelial cells in the forming somite, whereas its and 4E). In contrast, many of the dominant-negative
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Figure 3. Aberrant Accumulation of N-Cadherin in Cells Incorporating Constitutively Active Rac1 Constructs
Each photograph shows a sagittal view of a single somite (63). Electroporated somites were stained with anti-N-cadherin antibody (A–E)
and with anti-ZO-1 antibody (F–H).
(A) A normal young somite displaying apically accumulated N-cadherin.
(B and C) Cells electroporated with dominant-negative Rac1 ([B]; stained with anti-Rac1 antibody) or constitutively active Cdc42 ([C]; HA-tag
staining), which were localized in the middle region of a young somite, showed no augmented N-cadherin accumulation.
(D and E) Electroporation with constitutively active Rac1 cDNA. Cells residing in the mesenchymal (D) and epithelial (E) areas exhibited
aberrantly upregulated and unpolarized accumulation of N-cadherin (arrows).
(F) ZO-1 in the normal somite.
(G and H) Cells overexpressing either constitutively active Rac1 or constitutively active Cdc42 showed no polarized pattern of ZO-1.
(I) No significant cell death was found in electroporated somites with dominant-negative Rac1 DNA or constitutively active Rac1 DNA, revealed
by TUNEL assay and DAPI staining.
Rac1-receiving cells were round in shape with less overt and 4E). The differences between dominant-negative
Rac1 cells and constitutively active Cdc42 cells foundspikes and stress fibers. No cells showed membrane
ruffling (Figures 4C and 4E). Cells treated with constitu- in the primary culture highlight the possibility that the
former cells remained in the internal area of a somitetively active Cdc42 were similar to the control cells ex-
cept that they had no membrane ruffling (Figures 4D because they were unable to undergo epithelialization,
Roles of Cdc42 and Rac1 during Somitogenesis
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Figure 4. Cell Morphology and F-Actin Distri-
bution in Primary Cultured Cells Derived from
Electroporated Somites
(A) Electroporated young somites were
seeded into a tissue culture dish. After 20 hr,
when a majority of epithelial cells migrated
out from a clump, cells were stained with
Alexa 568-labeled phalloidin.
(B) A GFP control cell.
(C) A dominant-negative Rac1-expressing cell.
(D) A constitutively active Cdc42-express-
ing cell.
(E) Cells were compared by four categories:
morphology of cell, presence of stress fibers,
spikes (cellular protrusion), and membrane
ruffling. , profoundly observed; /, barely
observed; , not observed.
whereas constitutively active Cdc42 cells actively con- necessary for somitogenesis. In particular, the overepi-
thelialized phenotype caused by N-WASP-CRIB sup-tributed to the mesenchymalization. This notion is con-
sistent with the aforementioned finding that Cdc42- ports this concept, since N-WASP-CRIB is known to
bind activated Cdc42 (but not activated Rac1), and thusdeprived cells did not participate in the mesenchymal
structure. it is likely that somitic cells have endogenous Cdc42
activity. On the other hand, the dominant-negative mu-
tant form for Rac1, which was used in this study andActivation of Exogenously Expressed GFP-Rac1
in Developing Somites also in a vast number of studies both in vitro and in vivo,
was designed to block the guanine nucleotide exchangeOur findings present lines of evidence that during normal
embryogenesis the presomitic cells use Cdc42 and factor (GEF) that activates Rac1. It is still debated
whether Rac1-GEF acts only for Rac1 or also on otherRac1 to accomplish the cell shape changes that are
Developmental Cell
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Figure 5. Distribution of mRNA and Protein
of cRac1 and Detection of GTP Bound Form
of Exogenously Expressed GFP-Rac1
(A) Whole-mount in situ hybridization for
chicken Rac1A and Cdc42 mRNAs. In both
cases, signals with antisense probe were al-
most ubiquitously distributed in a 2 day em-
bryo, whereas sense probe gave no signal.
(B) Normal (nonelectroporated) forming so-
mites stained by anti-Rac antibody and phal-
loidin. The Rac1 signal is localized on the
surface of the epithelial cells, overlapping
with the phalloidin signal.
(C) Detection of the GTP bound form of GFP-
Rac1 in the electroporated embryos by the
GST-CRIB pull-down assay. Specimen pre-
pared from 45 chicken embryos electropor-
ated with GFP-fused wild-type Rac1 was
used for one pull-down assay, with three in-
dependent assays showing the same result.
The Western blot was carried out with anti-
GFP antibody. Embryos electroporated with
GFP-fused constitutively active (CA) Rac1
(lane 2) and also MDCK cells that were trans-
formed to permanently express GFP-fused
constitutively active Rac1 (lane 4) were used
as positive controls, showing that the bands
detected for the wild-type Rac1-embryos (ar-
rowhead in lane 1) are signals specific to acti-
vated Rac1. GST-immobilized beads were
used as a negative control (lanes 3 and 5),
confirming that the signal detected after the
GST-CRIB pull-down indicates the GTP
bound Rac1.
Rho family proteins. At present, it is practically impossi- analysis. Comparing the ratio between wild-type-elec-
troporated and constitutively active Rac1-electropor-ble to visualize the precise sites of Rac1 activation di-
rectly in situ during developing tissues in embryos. We ated embryos, at least 4% of the GDP bound form of
the GFP-Rac1 protein produced in embryos was switchedtherefore used three different approaches to demon-
strate evidence that Rac1 seems to be active in devel- to the GTP bound form in developing somites. These
results provide further evidence for the importance ofoping somites.
First, we detected Rac1 mRNA expression distributed Rac1 activity in the MET of normal paraxial mesoderm
during somitogenesis.almost ubiquitously in developing embryos (Figure 5A).
Second, histological staining of normal somites with
anti-Rac1 antibody detected Rac1 protein localized to Epithelialization Activity of Paraxis Requires
the apical surface of the epithelium in forming somites Rac1-Mediated Signaling
(Figure 5B). It is known that the accumulation of the The cellular morphological changes occurring at the
Rac1 protein at the adherence junction (AJ) is a sign next-forming somitic boundary is a culmination of a se-
of the Rac1 activation in epithelial cells (Fukata and ries of processes involving a segmentation clock and
Kaibuchi, 2001; Takaishi et al., 1997). Last, we carried an A-P identity specification, molecular events that are
out the pull-down detection experiment in which only the seen in posterior PSM (Bessho and Kageyama, 2003;
activated form of Rac1 is bound to GST-CRIB-coated Pourquie, 2001; Saga and Takeda, 2001; Takahashi,
beads. Tissues mostly containing PSM were taken from 2004). Although a relatively large amount of progress has
45 embryos electroporated with GFP-fused wild-type been made in understanding the signaling mechanisms
Rac1 and were prepared for the pull-down assay. The that underlie the processes prior to the somitic boundary
eluted fraction was subjected to Western blotting, fol- formation, only a few reports have addressed at the
lowed by a detection with anti-GFP antibody (see the molecular level how the intersomitic gap forms (Sato et
Experimental Procedures). A major band of 48 kDa that al., 2002) and how the accompanying epithelialization
is specific to the GTP bound Rac1 was obtained (Figure takes place. The phenotype observed in knockout mice
5C). A ratio between GFP signals before and after the for Paraxis, encoding a basic-helix-loop-helix protein,
has provided evidence for a nuclear factor required forGST-CRIB pull-down was provided by densitometric
Roles of Cdc42 and Rac1 during Somitogenesis
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somitic epithelialization. In these mutants, intersomitic roles of Rac1 and Cdc42 in these processes were largely
unknown (Gilbert and Tuan, 2001). While studies of an-gaps form, but subsequent epithelialization fails to oc-
cur, resulting in the impaired formation of somites later amniotes (frogs and fish) have demonstrated the impor-
tance of small GTPases for cell polarity changes andin development (Burgess et al., 1996). Thus, the Paraxis
gene is anticipated to be critically important in somitic cell behaviors during convergent extension (Shook and
Keller, 2003), this process does not involve conventionalcell epithelialization. We therefore studied the possible
relationships between Paraxis and Rac1-mediated sig- EMT or MET.
The function of Rac and Cdc42 in epithelial cells hasnaling. First, we found that when the Paraxis cDNA was
overexpressed in a manner similar to those experiments extensively been investigated by in vitro studies. How-
ever, cellular behavior in the two-dimensional conditiondescribed above, the DNA-electroporated cells were
preferentially present in the epithelial components, thus is known to be considerably different from that in the
three-dimensional environment, where extracellular ma-exhibiting an epithelialization-promoting effect of Par-
axis (Figures 6A and 6D). We next coelectroporated Par- trices constitute an intricate structure (Bissell et al.,
2003; Schmeichel and Bissell, 2003). Accordingly, inves-axis together with dominant-negative Rac1 and found
fewer cells residing in the epithelium and instead more tigators have recently recognized that the detachment
of a cell from an adhesive epithelial population in culturecells in the mesenchymal area, thus abrogating the Par-
axis-induced epithelialization (Figures 6B and 6D). should be considered as “de-epithelialization” and that
this process needs to be distinguished from mesenchy-These results suggest that there is an interaction be-
tween Rac1- and Paraxis-mediated signals in the same malization. Thus, experimental models in which the roles
of Rac and Cdc42 in EMT/MET can be directly assessedcells that undergo somitic epithelialization, and also that
Paraxis requires Rac1 activity to function as an epitheli- in developing embryos have been lacking.
Knockout mice that lack Rac1, Cdc42, or their down-alization-promoting factor.
We therefore studied this possible hierarchal relation- stream effectors are embryonic lethals, showing that
these molecules are indeed essential for developmentship between Paraxis and Rac1 by looking at the pattern
of Paraxis mRNA in developing somites that overex- (Chen et al., 2000; Snapper et al., 2001; Sugihara et al.,
1998; Yan et al., 2003). However, it remained unknownpressed either constitutively active Rac1 or dominant-
negative Rac1. We observed no difference (Figure 6E), what type of cells or what kind of tissue/organ formation
were the direct targets in these mutants. Our study over-suggesting that Rac1 mediates the Paraxis activity at
the posttranscriptional level. It is known that in Paraxis came this problem using in ovo electroporation tech-
nique to make a functional “mosaic” in which an appre-knockout mice, the A-P patterning of individual formed
somites is disturbed (Johnson et al., 2001). We therefore ciable amount of presomitic cells receive exogenous
DNAs with the rest of cells unaffected, enabling us toasked if dominant-negative Rac1-electroporated so-
mites would display an impaired A-P polarity. Using A-P observe individually behaving cells temporally and spa-
tially.markers of a formed somite, Lunatic fringe and Delta1
(Figure 6F), we found no phenotype affected, and we
interpret this result to mean that the nonelectroporated Differential Roles of Rac1 and Cdc42
epithelial cells (normal cells) of these embryos are suffi- in MET during Somitogenesis
cient to render the normal A-P patterning in individual In this study, a complementary pattern of phenotypes
somites. was obtained by different levels of Cdc42 activity: en-
hanced epithelialization and mesenchymal maintenance
by inhibition and activation of Cdc42, respectively. Thus,Discussion
during normal somitogenesis, different levels of Cdc42
activity appear to be critical for the binary determinationRoles of Rac and Cdc42 in EMT/MET Can Be
Directly Assessed in Developing Embryos during MET: Cdc42 activity needs to be low for cell
epithelialization, whereas cells require high activity toThe formation of somite boundaries and the transition
between epithelial and mesenchymal states of cells dur- maintain their mesenchymal state (Figure 7). Cdc42 has
been reported, mainly by experiments in vitro, to assem-ing early organogenesis have been longstanding and
central issues in developmental biology. By developing ble with several associated molecules, such as Par6,
aPKC (atypical protein kinase C), and Par3 in polarizinga novel experimental system using somitic epithelializa-
tion, we demonstrated in this study that Rac1 and cells (Nelson, 2003; Ohno, 2001). The experimental sys-
tem that we developed in this study can be used toCdc42, known to be two major regulators of cytoskeletal
rearrangement, play important and also differential roles clarify the roles of these members in establishing epithe-
lial structures during vertebrate morphogenesis. Re-in the MET during vertebrate embryogenesis. We ex-
ploited the phenomena that GFP-electroporated cells cently, another member of Cdc42 subfamily, TC10, was
reported to bind to N-WASP (Aspenstrom et al., 2004;are randomly distributed in the epithelial and mesenchy-
mal components of the forming somites, thus facilitating Neudauer et al., 1998), although it remains unclear
whether the binding is only to the CRIB domain. Whichthe evaluation of effects caused by overexpression of
mutant forms of GTPases. Most importantly, we could member among Cdc42 subfamily plays a role during
somitogenesis awaits further analysis.demonstrate the role of Cdc42 in the binary decision
between epithelial and mesenchymal cell states. Al- Another important finding in this study highlights dif-
ferential roles between Cdc42 and Rac1 in the somiticthough several factors, including paracrine and tran-
scription factors, have been reported to be important MET. Unlike the case for Cdc42, however, overactivation
and inhibition of Rac1 did not show a complementaryfor EMT/MET in several morphogenetic processes, the
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Figure 6. Epithelialization by Paraxis Requires Rac1-Mediated Signaling
(A) When electroporated together with a vector DNA, Paraxis promoted cell epithelialization during somitic segmentation.
(B) Coelectroporation with Paraxis and dominant-negative Rac1 cDNAs abolished the epithelialization-promoting effect elicited by Paraxis.
(C) Electroporation with dominant-negative Rac1 and vector DNA. The lower panels are enlarged views of the upper ones.
(D) EM indices. See legend of Figure 2 for details. Twelve young somites were analyzed for each type of electroporation.
(E) Section in situ hybridization with a Paraxis probe. Neither dominant-negative Rac1 nor constitutively active Rac1 affected the pattern of
mRNA expression of Paraxis.
(F) Whole-mount in situ hybridization with Delta1 and Lunatic fringe probes. Photos are of dorsal view with anterior at the top. Overexpression
of dominant-negative Rac1 did not affect the A-P identity.
phenotype between each other; in both cases the elec- respectively. Thus, cells with an inappropriate level of
Rac1 activity were neither “normal mesenchyme” nortroporated cells were primarily localized in the mesen-
chymal area, with some cells remaining in the epithelial “normal epithelium,” regardless of the position they oc-
cupied within a forming somite.territory. It is likely that the Rac1 activity needs to be
maintained at an appropriate level to accomplish the The notion that a narrow range of Rac1 activity level
is critical for cell organization has also been proposedcorrect MET during somitogenesis or, alternatively, that
switching between the negative forms and active forms by studies in tracheal development in flies (Chihara et
al., 2003) and MDCK cells (Hordijk et al., 1997; Potempaof Rac1 is important. The importance of proper Rac1
activity levels was corroborated by several lines of evi- and Ridley, 1998). Our observations that overexpression
of wild-type constructs for Cdc42 or Rac1 gave no signif-dence: Rac1-activated cells that remained in the epithe-
lial territory were not “normal epithelial cells,” since they icant effects on the somitic MET can be accounted for by
the fact that molecules affecting the switching betweendisplayed aberrant accumulation of N-cadherin without
polarized distribution of ZO-1. Similarly, Rac1-activated GDP and GTP bound forms of GTPases, such as GEFs
and GTPase-activating proteins (GAPs), are more abun-cells and -inactivated cells residing in the mesenchymal
compartment also exhibited aberrantly upregulated dantly present in a cell compared to GTPases (Schock
and Perrimon, 2002; Settleman, 2001).N-cadherin and poorly organized actin polymerization,
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Paraxis was known to be essential for somitic epitheli-
alization, since knockout mice having a loss-of-function
allele for this gene have intersomitic gaps but without
the epithelialization that normally occurs. Ultimately, this
results in a malformation of the somite-derived tissues
(Burgess et al., 1996). Consistent with this, we found
that the Paraxis-expressing cells became preferentially
epithelialized. The overepithelialization by Paraxis was
suppressed by coexpression with dominant-negative
Rac1, suggesting that the manifestation of epithelializa-
tion by Paraxis requires Rac1-mediated cytoskeletal re-
arrangement (Figure 7). Rac1 does not affect Paraxis
transcription, raising the possibility that Paraxis controls
expression of switching regulators between GDP and
GTP bound forms of Rac1/Cdc42, including GEFs,Figure 7. A Model Showing the Roles of Cdc42 and Rac1 in the
MET Process during Somitogenesis GAPs, and GDP dissociation inhibitors (GDIs). It is pos-
Cdc42 is involved in the binary decision between epithelial and tulated that differential expression of GEFs is critical for
mesenchymal states; high and low activities are required for mesen- precisely controlled activity of Rho GTPases in space
chymal maintenance and epithelialization, respectively. An appro- and time during development. In mice, more than 60
priate level of Rac1 activity is critical for Paraxis to function as an
GEFs have been identified, but little is known about theirepithelialization-promoting factor.
developmentally regulated roles, and no GEFs have so
far been reported to be expressed during somitogenesis
(Schmidt and Hall, 2002).Biochemical studies have shown that Cdc42 and Rac
The present study opens a way to delineate the molec-can act through either shared or distinct pathways, de-
ular mechanisms of EMT/MET during development inpending on each cell line used in the study (Braga, 2002;
higher vertebrates, and it can also contribute to cancerEtienne-Manneville and Hall, 2002; Fukata et al., 2003;
biology, where EMT and MET are profoundly pertinentSchmidt and Hall, 2002; Schock and Perrimon, 2002;
to metastatic phenomena (Lozano et al., 2003; PriceSettleman, 2001; Van Aelst and Symons, 2002). Our find-
and Collard, 2001). In particular, a MET occurs whening on the differential roles of Cdc42 and Rac1 opens
malignant carcinoma cells settle in their new target aftera new approach to elucidate how each of the molecules
metastasis, but the mechanisms underlying this processinvolved in the Rho family GTPases-derived cascades
remain largely unknown. Regulating GTPases has beenparticipates in the dynamic changes in cell shape during
proposed as a possible intervention point for cancerearly morphogenesis.
chemotherapy (Mareel and Leroy, 2003; van Golen,One unexpected finding in this study was a potentially
2003).active rearrangement and/or sorting of position between
presumptive epithelial and mesenchymal cells near a
Experimental Proceduresforming boundary. Cells expressing constitutively active
Cdc42 were evenly distributed in the PSM along the A-P Plasmids
axis before a somite formed (data not shown). Thus, cDNAs used for in ovo electroporation were subcloned in pCAGGS
expression vector (Niwa et al., 1991; Sato et al., 2002). The full-the Cdc42-activated cells appeared to rearrange their
length cDNA clones of wild-type, constitutively active, and domi-position between nonelectroporated cells so that a
nant-negative mutant forms of Rac1 and Cdc42 were previouslyformed somite contained the electroporated cells, which
described in Kuroda et al. (1998). The cDNA clones of N-WASPremained inside while the nonelectroporated cells went
and N-WASP-H208D (Miki et al., 1998) were kindly provided by Dr.
to the outer epithelia. The positional rearrangement near Takenawa. Fragments of N-WASP-CRIB and N-WASP-CRIB
the next-forming boundary has been reported to take (H208D) (162–290 aa for each) were obtained from N-WASP and
N-WASP-H208D, respectively, using the following primers: 5-CCGplace during the normal segmentation process (Kulesa
AAT TCT GAT ATA AAA AAT CCA GAA ATC ACA-3 (forward), 5-and Fraser, 2002). This notion of active rearrangement
TAC TCG AGC TAA GGA GGA GGA GGT GGC CCT CCC CTT-3is also in agreement with our observation that Cdc42-
(reverse). The N-WASP-derived clones were tagged with 6 myc.activated cells displayed filopodia-like structures, a sign
The full-length cDNA (ORF; 552 bp) of Paraxis was obtained from
of high motility of cells, in the primary culture condition. the clone previously described (Tonegawa and Takahashi, 1998),
using the following primers: 5-GTG AAT TCA TGG CTT TCA CCA
TGC TGC GTC CCA TGG CTG CCC GCG TGC TTT ACC CCG AC-3What Regulates Specific Activation of Rac1
(for N terminus) and 5-AAC TCG AGT CAT CTC CGA TTC CCT CGCand Cdc42 during Somitogenesis?
A-3 (for C terminus).Morphological segmentation is a culmination of a series
of molecular events that commence in the posterior
In Ovo DNA Electroporation
PSM, which include a segmentation clock of self-gener- A cathode electrode was made from a platinum wire (diameter,
ating periodicity (Bessho and Kageyama, 2003; Pour- 0.3–0.5 mm). A sharpened tungsten needle was used for an anode
microelectrode (diameter at the tip, 40 m). In ovo electroporationquie, 2001). We recently reported that somitic fissure
was carried out according to the methods previously describedformation in chickens is instructed by specialized cells
(Momose et al., 1999; Sato et al., 2002; Yasuda et al., 2000). Briefly,that are located posterior to the boundary and also that
the platinum electrode (anode) was inserted in between the embryothis activity is regulated by Lunatic fringe and Notch
and yolk at Hamburger and Hamilton stage 7–8 (Hamburger and
(Sato et al., 2002). Therefore, key players that control Hamilton, 1951). Using a glass capillary, DNA solution (10 mg/ml)
Rac1 and Cdc42 activities during somitic MET might containing 2% fast green FCF (Nakarai) was placed on the epiblast
of the presumptive somitic mesoderm located in the anterior regioninclude Notch signaling.
Developmental Cell
436
of the primitive streak. An anode electrode was subsequently placed embryos in NTMT containing 0.45 mg/ml nitroblue-tetrazolium chlo-
ride (Roche) and 0.175 mg/ml 5-bromo-4-chloro-3-indolyl phospha-near the DNA solution, followed by electric pulses of 6V, 25 ms,
charged three times (Electro Square Porator T820, BTX). tase (Roche). After stopping the color reaction, embryos were post-
fixed in 0.1% glutaraldehyde/4% PFA in PBS for 30 min at 4C.
In situ hybridization with Paraxis probe on sectioned specimens
Primary Culture of Somite Cells was carried out as previously described (Tonegawa et al., 2003;
A trunk region of an embryo containing several newly formed so- Tonegawa and Takahashi, 1998).
mites was dissected and treated with 1.25% Pancreatin (GIBCO-
BRL) in phosphate-buffered saline (PBS) for 10 min at room tempera-
Detection of GTP Bound Rac1 by GST-CRIB
ture. After three times of washing in 10% fetal bovine serum (FBS)
Isolation of activated Rac1 from DNA-electroporated embryos was
in PBS, the somites were isolated with tungsten needles and placed
performed by the affinity purification of Rac1 by GST fusion protein-
onto the collagen-coated coverslips to be cultured in the medium
immobilized beads (Nakagawa et al., 2001; Penzo-Mendez et al.,
10% FBS/DMEM-Ham’s F12.
2003). The GST fusion protein of p21-activated kinase-CRIB (GST-
CRIB) was produced from bacteria transformed with pGEX-4T-
1GST-CRIB and bound to glutathione-Sepharose 4B beads (Amer-Immunohistochemistry
sham). After electroporation with either pCAGGS-EGFP-wild-typeFrozen sections of fixed somites were prepared with a cryostat
Rac1 or pCAGGS-EGFP-constitutively active Rac1, tissues con-(MICROM, HM500 OM) and treated with 0.2% Triton X-100/0.2%
taining electroporated somites/PSM were dissected. The tissuesbovine serum albumin (BSA) in Hank’s balanced salt solution (HBSS)
were treated in lysis buffer [50 mM Tris-HCl (pH 7.4), 10 mM MgCl2,for 10 min at room temperature, followed by incubation in the
1% NP-40, 100 mM NaCl, 10 mg/ml leupeptin, 10 mg/ml aprotinin,blocking solution 10% lamb serum (GIBCO) in HBSS for 1 hr. The
10 mM (p-amidinophenyl)-methanesulfonyl fluoride]. Following cen-specimens were subsequently incubated at 4C overnight with the
trifugation at 20,000 g, for 4 min at 4C, the supernatant was incu-following primary antibodies: anti-HA antibody (anti-[HA]-fluores-
bated with purified GST-CRIB-immobilized beads at 4C for 1.5 hr.cein, Clone 12CA5, Roche), 1:100 dilution; anti-myc-tag polyclonal
The beads were washed three times with an excess amount of theantibody (MBL), 1:100 dilution; anti-N-cadherin antibody (rabbit,
lysis buffer and were then boiled for 10 min in Laemmli samplepolyclonal; given by Dr. Takeichi), 1:1000 dilution; anti-ZO-1 mouse
buffer. The eluates were subjected to SDS-PAGE, followed by immu-monoclonal antibody (T8-754) (given by Dr. Furuse); anti-Rac anti-
noblotting with anti-GFP mouse monoclonal antibody (clones 7.1body, clone 23A8 (mouse monoclonal; Upstate), 1:200 dilution. After
and 13.1, Roche) and HRP-conjugated anti-mouse IgG antibodythree washes of 0.1% Triton X-100/HBSS, the specimens were sub-
(Amersham). GFP-Rac1 bands were revealed with the ECL Advancejected to a reaction with one of the following secondary antibodies
Western Blotting Detection kit (Amersham). Densitometric analysis1:300 diluted in a solution of 0.2% Triton X-100/0.2% BSA in HBSS:
of bands was performed by using the luminous image analyzer LAS-Alexa 647 goat anti-mouse IgG, Alexa 647 goat anti-rabbit IgG, Alexa
1000 mini (Fuji Film).568 goat anti-mouse IgG, Alexa 568 goat anti-rabbit IgG (Molecular
Probes). Alexa Fluor 568 phalloidin was added to the solution con-
taining a second antibody to stain filamentous actin. Microscopic Acknowledgments
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have diverse effects on the organization of the actin filament system.nol in PBT (25%–100%). They were subsequently treated with pro-
Biochem. J. 377, 327–337.teinase K (20 g/ml) for 15 min, followed by refixation in 0.2%
Bessho, Y., and Kageyama, R. (2003). Oscillations, clocks and seg-glutaraldehyde/4% PFA in PBS for 20 min at room temperature.
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